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Motivations

Motivations to study HF physics at CMS

@ Probe the underlying QCD processes:
@ measure production cross section,
e measure quarkonia polarization,
o look for new and exotic states.

@ Look for effects of new physics
beyond the Standard Model (not treated here):
e study lifetime and decay properties of B hadrons,
o look for new physics effects in rare decays.

Results from 2015 data taking at /s = 13 TeV :

@ B* production cross section
@ Quarkonia production cross sections

CMS.
o
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Experiment

The CMS experiment

One of four detectors at the LHC
SUPERCONDUCTING CALORIMETERS Total weight: 12,500 T

ECAL Overall diameter: 15 m (50 ft.)
Scintillating Overall length: 21.5 m (70 ft.)
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v

ese - CMS First CMS Heavy-Flavour results at 13 TeV


http://dx.doi.org/10.1088/1748-0221/3/08/S08004

Introduction
[e]e] lelelelelele]e]

Muon reconstruction

@ 3 detectors dedicated to muon
trigger and reconstruction

@ Stand-alone reconstruction
capability by muon detectors
@ Tracker-muon maich:
@ inside-out:
more efficient at low pr
@ outside-in:
more efficient at high pr

Performances JINST 7 (2012) P10002
@ Misidentification probability
Pmis <1%
@ Momentum resolution
o(pr) ~ 1+ 6% for
p; < 100 GeV

o’
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Trigger
@ High luminosity o 100 S DP-2015:055 . 3 CEACY
. . o] F CMS °
o lelted bandW|dth © 10" £ Preliminary J/ =w
. . » F o v -—
= Di-muon triggers | § ¢ v v
. Li JE Y B low mass double muon + track
possibly plus other tracks e B,
10°E z
@ L1: hardware b
(fast, rate ~ 100 kHz) i
@ HLT: software 10°E
. E | n n_n_n ool nnnall
(full track reconstruction, 1 10 107

WY invariant mass [GeV]

rate ~ 1 kHz)

@ transverse momentum, (pseudo)rapidity
Cutson @ vertex x? and displacement
@ di-muon mass & pointing angles
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Preliminary results
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Preliminary results
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Preliminary results
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Preliminary results
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Preliminary results
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Run-2

LHC: 2015 run with \/s = 13 TeV and 50/25ns bunch spacing

CMS improvements
Detector, trigger and software improvements during the shutdown
@ Higher fraction of active channels in subdetectors
@ Re-commissioning of physics objects

Data sample

@ LHC-delivered luminosity: £ ~ 4 fo!

@ CMS-recorded luminosity: £ ~ 3.6 fo~"
o 25% without magnetic field
o L ~2.2fb~" with full-operational detector
o L ~ 2.7fb~" for muon-based analyses g5,

4 5
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“Legacy” results from Run-1: (/s = 7,8 TeV)

a(pp — BT X) PRL 106 (2011) 112001
o(pp — BpX) PRL 106 (2011) 252001
U(fp — Bs — J/¢9) PRD 84 (2011) 052008
B — J/ynE(ntnT) CMS-PAS-BPH-12-011
Quarkonia production & polarization
a(pp — (J/¢ ,9(2S))X) (integrated & differential) JHEP 02 (2012) 011
o(pp — (J/9 ,9(2S))X) (differential) PRL 114 (2015) 191802
o(pp — T(nS)X) PLB 727 (2013) 101
(/¢ ,(nS)) polarization PLB 727 (2013) 381
T (nS) polarization PRL 110 (2013) 081802
T (nS) polarization vs. multiplicity arXiv:1603.02913
o(xc2)/o(Xc1) EPJ C (2012) 72:2251
a(xp2)/o(xp1) CMS-PAS-BPH-13-005
Double quarkonia & exotica
Double J/+ production CMS-PAS-BPH-11-021
X(3872) production JHEP 04 (2013) 154
Search for X, — T(1S)n T~ PLB 727 (2013) 57 | [cus.
o
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“Legacy” results from Run-1: (/s = 7,8 TeV)

B meson production

a(pp — BTX) <= PRL 106 (2011) 112001

o(pp — BpX) PRL 106 (2011) 252001
PRD 84 (2011) 052008

o(pp — Bs = J/9¢)
Bz o(pp — BT X) cross-section

— J/yrE(rta)

New results at /s = 13 TeV

a(pp — (J/¥ ,%(28))X) (integrate

o(pp — (J/0 . $(28))X) (different extended pr range
a(pp — T(nS)X)

(/¢ ,(nS)) polarization PLB 727 (2013) 381
T (nS) polarization PRL 110 (2013) 081802
T (nS) polarization vs. multiplicity arXiv:1603.02913
o(xc2)/o(Xc1) EPJ C (2012) 72:2251
a(xp2)/o(xb1) CMS-PAS-BPH-13-005
Double quarkonia & exotica
Double J/+ production CMS-PAS-BPH-11-021
X(3872) production JHEP 04 (2013) 154
Search for X, — T(1S)n T~ PLB 727 (2013) 57 | [cus.
o
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“Legacy” results from Run-1: (/s = 7,8 TeV)

a(pp — BT X) PRL 106 (2011) 112001
o(pp — BpX) PRL 106 (2011) 252001
U(fp — Bs — J/¢9) PRD 84 (2011) 052008
B — J/ynE(ntnT) CMS-PAS-BPH-12-011
Quarkonia production & polarization

a(pp — (J/¢ ,9(2S))X) (integrated & differential) JHEP 02 (2012) 011
o(pp — (J/9 ,9(2S))X) (differential) PRL 114 (2015) 191802
o(pp — T(NS)X) == PLB 727 (2013) 101
(/¢ ,(nS)) polarization PLB 727 (2013) 381
T (nS) polarization PRL 110 (2013) 081802
T (nS) polarization vs. multiplicity arXiv:1603.02913
o(xc2)/o(Xc1) e
U(XZZ)/J(X; ) a(pp — (J/v,v¢’, T(nS))X) cross-section

“=  New results at \/s = 13 TeV
Double J/+ production
X(3872) production
Search for X, = T(1S)r 7~ PLB 727 (2013) 57J cms.

o
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“Legacy” results from Run-1: (/s = 7,8 TeV)

B meson production

a(pp — BT X) PRL 106 (2011) 112001
o(pp — BpX) PRL 106 (2011) 252001
U(fp — Bs — J/¢9) PRD 84 (2011) 052008
B — J/ynE(ntnT) CMS-PAS-BPH-12-011

Quarkonia production & polarization

o(pp J/ ;1(2S))X) (integratq :
agpp - EJ/w ,wgzsggx; (difforent @9 = (AT

o(pp — T(nS)X)
(J/y ,_:/1(!78)) polarization New results

T (nS) polarization (Stl” at \/5 —8 TeV)

T(nS) polarization vs. multiplicity

a(xc2)/o(Xct) EPJ C (2012) 72:2251
a(xpz)/o(xb1) CMS-PAS-BPH-13-005

o( ))X) cross-section

Double quarkonia & exotica

Double J/+ production
X(3872) production

Search for X, = T(1S)r 7~
Double T production

CMS-PAS-BPH-11-021

JHEP 04 (2013) 154

PLB 727 (2013) 57 | |[cms.
CMS-PAS-BPH-14-008 | &

P. Ronchese - CMS First CMS Heavy-Flavour results at 13 TeV - 17



http://dx.doi.org/10.1103/PhysRevLett.106.112001
http://dx.doi.org/10.1103/PhysRevLett.106.252001
http://dx.doi.org/10.1103/PhysRevD.84.052008
http://cds.cern.ch/record/1632149/files/BPH-12-011-pas.pdf
http://dx.doi.org/10.1007/JHEP02(2012)011
http://dx.doi.org/10.1103/PhysRevLett.114.191802
http://dx.doi.org/10.1016/j.physletb.2013.10.033
http://dx.doi.org/10.1016/j.physletb.2013.10.055
http://dx.doi.org/10.1103/PhysRevLett.110.081802
https://arxiv.org/abs/1603.02913
http://dx.doi.org/10.1140/epjc/s10052-012-2251-3
http://cds.cern.ch/record/1633613/files/BPH-13-005-pas.pdf
http://cds.cern.ch/record/1633400/files/BPH-11-021-pas.pdf
http://dx.doi.org/10.1007/JHEP04(2013)154
http://dx.doi.org/10.1016/j.physletb.2013.10.016
https://cds.cern.ch/record/2154307/files/BPH-14-008-pas.pdf

Run-1 legacy
@0000

Double T production

High parton densities in pp collisions

@ Single parton scattering (SPS):

e assumed to dominate

e strongly correlated pairs, small |Ay|
@ Double parton scattering (DPS):

e multiple heavy-flavour production,
o large |Ay| values

S. Baranov,et al., PLB 705 (2011) 116-119, C.H. Kom et al., PRL 107 (2011) 082002
v

Quarkonium pair production mechanism
@ Color singlet: dominant at low pr

@ Color octet: important at high pr
P. Ko et al., JHEP01(2011)070 , J. Campbell et al., PRL 98 (2007) 252002

Possibly produced in decays of tetra-quarks
A.V. Berezhnoy, et al., PRD 86 (2012) 034004

CMS.

o
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Double T selection & signal extraction

Event selection
@ Muon quality:

e hits in tracker and pixel detector
e match chamber segment with extrapolated track

@ pr,>35GeV, |nl<24

@ pry <50GeV, |yr| <20

@ Multiple T events discarded

@ Non-prompt production negligible

@ T(1S)T(1S) and T(1S)T(2S)
yield estimated,

} uniform muon acceptance region

CMSpreliminary L=20.7 fb™* ({s=8 TeV)

10

Candidates/(60 MeV x 60 MeV)

.. . : 9510
@ no visible signal for T(3S) Mioey ©° 155° \EIO%"
@ 2D unbinned max likelihood fit, g
5 components K
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Double T selection & signal extraction

Event selection
@ Muon quality:

e hits in tracker and pixel detector
e match chamber segment with extrapolated track

@ pr,>35GeV, |nl<24
@ pry <50GeV, |yr| <20
@ Multiple T events discarded
@ Non-prompt production negligible
@ T(1S)T(1S) and T(1S)T(2S) { @ CB function (signal)

yield estimated, / @ 1! Chebyshev polynomial (bg)

} uniform muon acceptance region

@ no visible signal for T(3S) @ T(1S)T(1S), T(1S)T(2S)
@ 2D unbinned max likelihood fit, @ T(1S)/T(2S)-combinatorial
5 components @ combinatorial-combinatorial
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Double T production cross-section

nsig - W
B(T(18S) — ptpu=)?-

oT =

Nsig T(1S)T(1S) signal yield =
@ acceptance & efficiency factor

@ Acceptance and efficiency computed @ T mesons assumed

S

@

event-by-event on a MC sample to decay isotropically

CMS Preliminary L=20.7 fb* ({5=8 TeV) CMS Preliminary L=20.7 fb! ({5=8 TeV)
> F T T 7 > F T T T .
s F ] 3 f . E
5 i 18 i
PR - 2 2 E
£ g :
T 15 2 15 3
c E s E
© C o 3

0 Ll
ST T T T T T SET T T 7 CMS.
86 88 9 92 94 96 98 10 10.2 10.4 10. ?1)10'8 86 88 9 92 94 96 98 10 102104 10 52)10.8 |5
Wi[Gev] MiiGev]
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Double T production: results

Vs=8TeV, L =207 fo! CMS-PAS-BPH-14-008

ot = (68.8 £ 12.7(stat) + 7.4(syst) + 2.8(BR))pb

V.

Systematic uncertainties

@ Signal/background shapes

@ Acceptance and efficiency
@ Integrated luminosity

T polarization

@ Acceptance computed assuming unpolarized production
compared with full longitudinal/transverse polarization hypotheses

@ -38%/+36% variation found

.

CMS.
-
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B Production
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B* production cross-section

B* — J/pK*= ,J/p =t~
@ Studies of b-hadron production at the higher energies
= new important test of theoretical calculations

@ First B* production cross-section measurement at /s = 13 TeV

o

L£=508pb~", |ysl <2.4,10GeV < prg < 100 GeV  cuseasapr 15004
Differential cross-section, vs. transverse momentum and rapidity

do(pp — B*X) _ Nsig(2)
dz C2.-B-A-e(2)-L-Az
z = pra.lysl ng(z) = signalyield
2 = account for A = acceptance
B charge symmetry ¢(z) = efficiency
B = B(B* = J/WKY) L = integrated luminosity
By = ptp) Az = bin width
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B* signal extraction

Event selection
@ Muon quality: match chamber segment with extrapolated track
@ J/4¢ candidate quality: invariant mass and vertex fit y2
@ B* candidate quality: common vertex, flight distance and direction

B* — J/¢K* invariant mass distributions JECEEENN———.LEAUICY
[ = 10 <p_ (I K') <100 GeV; 0 < [y(/y K| <24
. Z1600F o E
iy el e
@ Unbinned max likelihood fit: 212000 ey 3
. . w E 3
e Sum of 2 gaussians (signal) 800 9
e exponential (background) ot 3 E
e error function : E
(mis-reconstructed B* — J/¢KX) 54 55 56 =7 56 S[ée\/?

Iy K*
CMS.

-

P. Ronchese - CMS First CMS Heavy-Flavour results at 13 TeV - 25



BT Production
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rkor

2 Production Conclusions

CMS Experiment at LHC, O
Data recorded: Thu Jul 9 03;
Run/Event: 251252 / 244562433
\[ Lumi section: 405
Orbit/Crossing: 106124760 /308

Ixy =0.41 cm
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B* — J/i¢K* acceptance and efficiency

Overall A - € estimation
@ Simulated events with |yg| < 2.4, 10 GeV < pr g < 100 GeV
@ Selected event fraction:

e 0.5% (pr,g ~ 10 GeV) ; 19% (70 GeV < pr g < 100 GeV)
@ 4% (lys| ~0);0.4% (1.8 < |yg| < 2.4)

Trigger and muon-reconstruction efficiency

@ Inclusive J/v — u*pu~ data sample
@ Tag-and-probe method
@ one muon satisfying stringent quality requirements
e second muon identified only with tracker or muon system
@ Efficiency compared with simulation,
difference included in systematic uncertainties s

V.

-

P. Ronchese - CMS First CMS Heavy-Flavour results at 13 TeV - 27



B Production
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B* production: systematic uncertainties

Signal yield
@ Different mass modeling functions:

e signal: 3 gaussians
e background: 2" order polynomial
e B* — J/yKX events: gaussian, mass shift

@ Include the rare decay B* — J/yn*
@ pr, |y| bin to bin migration due to finite resolution

v

Other sources

@ Luminosity: 4.8%
@ B(B* = J/YK* — utpu~K*) :3.1%
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B* production: results

Differential cross-section vs. pr g, |ya]
@ Left: do/dpr p (integrated over |yg| < 2.4)
@ Right: do/d|yg| (integrated over 10 GeV < |yg| < 100 GeV)
@ Comparison with FONLL and PYTHIA

M. Cacciari et al., JHEP 05 (1998) 007 , JHEP 03 (2001) 006 , JHEP 10 (2012) 137 , arXiv:1507.06197

10 EMS Preliminary 50.8 pb™ (13 Tev) 5 CMS Preliminary 50.8 pb™ (13 TeV)
S E T T T —3 = T T T T T ™
> E &, T4 Data (13 Tev, ly j<24) 1 5 20F —4— Data (13TeV,p?>10Gev) ]
o o 4— Data (7 Tev, Iy J<2.4) - E —4— Data(7TeV,p}>5Gev) 3
g L E= FONLL (13TeV, Iy <2.4) | 2 18 FONLL (13 TeV, p* > 10 Gev)
o é - FONLL (7 TeV, Iy, [<2.4) é ,: 16 FONLL (7 TeV, p>5Gev)
g F = PYTHAGITeV. 124 ] uE PYTHIA (12 TeV. > 10 Gevy ]
R0t - oo PYTHAGTeV 24 ;. e “- PYTHAQTev, > 5 Ge) ]
@ E = i £ Eommmmm i E
t L 5 0 e - —
—.— E mmmmmes . E
2 107 - 8 —
[51 £ == E| 6 =l
i = S S R S
10° — 4 3 N =t
. E | | | | — L B | | | | =
5 2F 5 2F 3
& F ot & F + 1
s 15F s 15F =
i ST T “E Diatets E
° E S E 3
05F E 05F E
E , , , , 3 E.. . , . , E cMs.
0 20 40 60 80 100 0 0.5 1 15 2 25 ~
p (I K%) [GeV] Iy K| =

Ronchese - CMS First CMS Heavy-Flavour results at 13 TeV - 29


http://dx.doi.org/10.1088/1126-6708/1998/05/007
http://dx.doi.org/10.1088/1126-6708/2001/03/006
http://dx.doi.org/10.1007/JHEP10(2012)137
https://arxiv.org/abs/1507.06197

Quarkonia Production

Outline

Quarkonia production

First CMS Heavy-Flavour results at 13 TeV



Quarkonia Production
00000000

Quarkonia production cross-section

J/y ,(2S), T(1S), T(2S), T(3S)

G.T. Bodwin et al., PRD 51 (1995) 1125

. . (1995)

@ Test factorization and NRQCD G.T. Bodwin et al,, PRD 55 (1997) 5853
. P. Cho and AK. Leibovich, PRD 53 (1996) 150

°2 phases. P. Cho and A.K. Leibovich, PRD 53 (1996) 6203

e perturbative generation of QQ pair (singlet/octet)
e hadronization producing bound state (LDME)
@ Different center of mass energies:

e perturbative calculations appropriate for energy

P. Faccioli et al., PLB 736 (2014) 98
(*]
same LDME G.T. Bodwin et al., PRL 113 (2014) 022001

@ Higher energy and higher cross-section: extended pr reach

L=24f"", }yﬂ+u_| <12, pr ;- upto 120 GeV  cus-rasaph-15.005

Double-differential cross-section,
vs. transverse momentum and rapidity

= _, d?o(pp — QQX)  Nyp(2) 1
B(QQ — ptp”): =49
(QQ = wi ) = prdy - Apriy \Apry)-doryY
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Quarkonia Production
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Quarkonia signal extraction

QQ invariant mass distributions -

@ Muon & vertex quality selection by
@ Unbinned max likelihood fit in

Events / 20 MeV
g
T

22<p <24 GeV

Pr.00 and |yqgp| bins s

- Background

e Crystal Ball function (signal) -
e exponential (background) :
Parameters constrained to A T
H H W invariant mass [GeV]
pr-integrated fit result
v
2.4 1™ (13 TeV) 2.7 b1 (13 TeV)
g’aooo} CMS 20<p, <21GeV g' 450; CMS 225<p <25GeV
S 5000; Preliminary lél/:d?fo o 3 400% Preliminary Lyz\/:d?jo o
g § ~ Total fit 2 0 — Total it
© 4000 Background & 300 Background
o F & F
E 250F
3000 E
E 200:
2000 150F
E 100}
1000F- 3
E 50: CMS.
0 295 3 3.05 31 3.15 3.2 3.25 05 3.‘5 3.‘6 3‘7 3‘8 3.‘9 E

WY invariant mass [GeV] WU invariant mass [GeV]
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Quarkonia Production
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Prompt/non-prompt components

Chamonium sources

@ Production in primary pp interaction: prompt
@ Production in b-hadron decay: non-prompt

2.4 15" (13 Tev)

2.7 fb (13 TeV)

1S E £
I [ CMS 20<p, <21GeV 3 CMS 225<p <25GeV
S 10¢ Preliminary I¥1<03 IS Preliminary Iyl <03
py E XeIndf = 1.26 = 10° XeIndf = 0.89
2 r i)
S 0L — Total it S — Total fit
o F — Prompt signal 310 — Prompt signal
— Non-prompt signal 10 — Non-prompt signal
s Background Background
F 10
10
] o Ii‘ln
EAL e T i Ii
-0.05 [ 0.05 0.1 0.15 0.2 0.25 -0.05 0 0.05 0.1 0.15 0.2 0.25
Pseudo-proper decay length [cm] Pseudo-proper decay length [cm]

Simultaneous fit to mass and “pseudo proper decay length”:

@ prompt: resolution function

@ non-prompt: exponential convoluted with resolution function
@ background: gaussian plus exponential
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Quarkonia Production
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QQ — 't~ acceptance and efficiency

Generated QQ events, decay to .~ simulated with PYTHIAS
_ Nan'(p1,Y)
Neen(pr, y)

@ N9"(pr,y) : generated events
N&"(pr,y) : events passing selection

@ Acceptance stored in finely binned histograms
@ Unpolarized production assumed

@ Tag-and-probe method

@ dimuon efficiency: product of two efficiencies multiplied by a
correction factor accounting for correlation

] Acceptance and efficiency calculated event-by-event
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Quarkonia Production
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Quarkonia production: systematic uncertainties

Signal yield

Different mass fits:

@ changes in CB function parameters
o fixed/free mean masses
@ exponential/linear function for background

o

Non-prompt fraction

@ Decay length from:

@ average interaction point
@ nearest primary vertex along beam direction

@ Different functions for background modeling:
right, left or double-sided exponential

@ Changes in parameter constraints s

v
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J/v , 1 (2S) : results

Double-differential cross-section

@ Plot vs. prin 4 |y| bins

@ pr up to:
o 120 GeV(J/v)
o 100 GeV(4(2S))

@ weighted average for the

Quarkonia Production
00000800

integrated range |y| < 1.2
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Quarkonia Production
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Quarkonia Production
0000000

Quarkonia production : production ratios
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Conclusions
[ ]
Conclusions

e Differential cross section for B™ production at /s = 13 TeV has
been measured up to 100 GeV in pr. A reasonable agreement
with FONLL calculations and with PYTHIA has been found.

@ The double differential production cross sections at /s = 13 TeV
for J/1¢ , (2S) , T(nS) has been measured. These results shall
contribute to consolidate the underlying hypotheses of NRQCD
and provide further input to constrain the theory parameters.

@ The simultaneous production of two T(1S) at /s = 8 TeV has
been observed and the total cross-section has been measured.

CMS.
-
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